Assignments of IR bands of reduced minus oxidized IR difference spectra of bovine and related cytochrome c oxidases are reviewed and their linkages to specific metal centres are assessed. To aid this, redox-poised difference spectra in the presence of cyanide or carbon monoxide are presented. These ligands fix the redox states of either haem a 3 alone or haem a 3 and Cu B respectively, while allowing redox cycling of the remaining centres.
IR signatures of the metal centres of bovine cytochrome c oxidase: assignments and redox-linkage
Mitochondrial CcO (cytochrome c oxidase) catalyses the reduction of dioxygen to water with four electrons from reduced cytochrome c and four protons from the mitochondrial matrix. This exothermic reaction is coupled to the translocation of four additional protons across the mitochondrial inner membrane. These reactions power the protonmotive force that is used to drive ATP synthesis [1, 2] . Bovine CcO has 13 different subunits. Subunits I, II and III form a functional core that is conserved across bacterial and eukaryote homologues. Subunits I and II house four redox centres, namely Cu A , haem a and the oxygen-reducing BNC (binuclear centre), formed by haem a 3 and Cu B ( Figure 1A ). Crystal structures reveal three possible hydrophilic pathways for intraprotein proton transfers in subunit I: the D, K and H channels. Whereas studies with bacterial CcOs have shown that only the D and K pathways have such functions, the H channel has been proposed to provide the path for translocated protons in mammalian CcOs [3] . The roles of these channels, including possible 'dielectric channel/well' functions, have been reviewed recently [4] .
FTIR (Fourier-transform infrared) spectroscopy has been used extensively to probe ligand- [5] [6] [7] [8] [9] , and redox- [10] [11] [12] [13] [14] [15] induced structural changes in CcO and related oxidases. In general, resolution of the small signals of cofactors, functional amino acids and waters from the large overall background IR absorption requires averaging of difference spectra from repeated cycles between two states [16] . In transmission mode, such difference spectra have been generated by reversible ligand photolysis, photoreduction or controlled electrochemistry [17] . The advent of compact ATR (attenuated total reflectance) prisms, in combination with electrochemical and perfusion methods, has extended the range of transitions that can be studied [18] [19] [20] . Such ATR-FTIR methods have been applied to CcO to investigate binding of the non-photolysable ligand formate [21] , competitive binding of Ca 2 + and Na + [22] and conversion of O (fully oxidized) CcO into the P M and F catalytic intermediates [23] [24] [25] [26] [27] .
Band changes in such spectra have been assigned to ligands, cofactors, amino acids and water molecules [28] by comparison with model compounds [29, 30] and from effects of isotope replacements and point mutations (see below). However, redox behaviour of the four metal centres is complex: their redox titrations overlap and they have strong electrostatic interactions. As a result, assignments of specific IR bands to redox transitions of specific metal centres have proved difficult [31] [32] [33] , in contrast with resonance Raman spectra where specific haem bands can be selected by laser frequency tuning [34, 35] . Available literature is reviewed and, to further aid assignments, additional data are reported using combined electrochemistry/ATR-FTIR spectroscopy to study bovine CcO with bound cyanide (CN) or carbon monoxide (CO). CN-ligated CcO allowed reversible redox cycling of haem a, Cu A and Cu B , whereas haem a 3 remained in its ferric-cyanide state [36] . CO-ligated CcO allowed reversible redox cycling of haem a and Cu A , whereas haem a 3 and Cu B remained in the ferrous a 3 -CO/cuprous state [37] .
Materials
Chemicals were purchased from Sigma-Aldrich. Nitrogen and CO gases were from BOC. Bovine CcO was purified from beef heart in the 'fast' form by the original method of Keilin and Hartree [38] with modifications of Kuboyama et al. [39] and Moody et al. [40] .
ATR protein film preparation
'ATR-ready' CcO samples and formation of rehydrated films on the ATR prism (3 mm diameter silicon, three-bounce; SensIR Europe) were prepared as described previously [22] . In brief, CcO (2-3 nmol) was washed using three ultracentrifugation cycles at 300 000 g av , 4
• C in (i) 2.5 ml of 20 mM KH 2 PO 4 /K 2 HPO 4 (pH 8.5) containing 0.1% sodium cholate and 0.1% octyl glucoside for 1 h; (ii) 2.5 ml of 20 mM KH 2 PO 4 /K 2 HPO 4 (pH 8.5) for 20 min, and (iii) 2.5 ml of 1 mM KH 2 PO 4 /K 2 HPO 4 (pH 8.5) for 15 min. The resultant pellet was suspended in 10 μl of double-distilled water, placed on the ATR prism and dried using a stream of nitrogen gas. The dried protein film was rehydrated with 0.1 M KH 2 PO 4 /K 2 HPO 4 and 0.1 M KCl at pH 7.0 and allowed to stabilize for up to 30 min. Typical rewetted samples showed a stable amide II band absorbance at 1546-1481 cm − 1 of ∼0.2.
Electrochemistry
An electrochemical cell that enabled the synchronous recording of visible and IR absolute/difference spectra was assembled above the rehydrated protein film [20] ( Figure 1B ). The platinum mesh working electrode was 0. 
Electrochemically induced ATR-FTIR difference spectroscopy
ATR-FTIR spectra were recorded at room temperature and 4 cm − 1 resolution with a Bruker ISF 66/S spectrometer fitted with a liquid nitrogen-cooled MCT-A detector. Cited frequencies are accurate to ±1 cm − 1 . Typically, a single power spectrum was computed by Fourier transformation of 500 averaged interferograms. Ligand binding and redox equilibration were deemed complete when there were no further changes in visible (400-700 nm; results not shown) and IR (2200-1000 cm − 1 ) difference spectra (typically 5-30 min).
Redox transitions were induced by applying potentials of − 400 mV/ + 500 mV (reduction/oxidation) for unligated and CO-ligated CcO and + 80 mV/ + 500 mV for CN-ligated CcO. CO ligation was achieved with CO saturated redox buffer and a reducing potential of − 400 mV; the binding extent was monitored from the intensity of the FR-CO (fully reduced CO-ligated) band at 1963 cm − 1 . CN ligation was achieved by inclusion of 10 mM KCN in the redox buffer and an oxidizing potential of + 500 mV; binding was monitored from the intensity of the O-CN (fully oxidized cyanideligated) band at 2151 cm − 1 [41] . For a typical redox cycle, a baseline was recorded of the O state ( + 500 mV) before switching to − 400 mV, waiting for redox equilibration and then recording the FR (fully reduced) minus O state difference spectrum. A new baseline of the FR state was recorded and the sequence was reversed to generate an O minus FR state spectrum. The averaged FR minus O difference spectrum of one redox cycle was computed as [(FR minus O)−(O minus FR)]/2. Spectra shown are averages of approximately 30 redox cycles. Where necessary, spectra were corrected for baseline changes caused by pH-induced phosphate changes, liquid water, amide changes (protein layer swelling/shrinkage) and water vapour variations. The absorbance contributions from the redox mediators were sufficiently small that corrections were not required. Absolute absorption spectra for each experiment were recorded so that spectra could be normalized on the basis of the intensity of the amide II band.
Results
Figure 2(A) shows the FR − O IR difference spectrum of unligated bovine CcO. This spectrum is consistent with published data [7, 42, 43] Figure 2 (F) is characteristic of the upshifted frequency of the CO band in MV-CO compared with FR-CO [5] , and provides confirmation of 'clean' conversion between these forms. Hence, under these conditions of oxidizing potential, the CO-ligated binuclear centre remained reduced and the spectral changes are associated solely with the redox transitions of haem a and Cu A .
Assignments of bands to functional groups
Assignments of bands in the FR − O difference spectrum of bovine CcO can be made by reference to model materials and, in particular, from effects of 1 H/ 2 H exchange [7, 21] . Assignments of equivalent bands in the same spectrum of Paracoccus denitrificans (Pd) CcO has been aided further by effects of isotopically labelled amino acids [12, 24] and haem propionates [46] , as well as of point mutations [14, 27] . The 1749( − ) cm − 1 and 1737( − ) cm − 1 bands have been assigned to protonated Glu 242 (bovine numbering) [14] ( Figure 1A ) and Asp 51 [7] , both of which may play a key role in the reaction mechanism of mammalian CcO [47] . Redoxsensitive bands in the 3700-3500 cm − 1 range have been assigned to weakly hydrogen-bonded waters [28] .
The 1690-1600 cm − 1 region is dominated by amide I changes and isotope studies with PdCcO indicate that amide bonds of tyrosine and histidine are significant contributors [24] . Behr et al. [46] have suggested that protonated haem propionate(s) may generate a negative band in the 1690-1670 cm − 1 region, although this remains uncertain as electrostatic calculations have suggested that their pK a values are too low [48] . The 1618 cm − 1 band in PdCcO is dominated by an amide I change of a tyrosine residue [24] , but should also have positives from the haem vinyls. In addition, shifts of the formyl band of haem a [1620( + )/1650( − ) cm
− 1 ] and a 3 [1661( + )/1676( − ) cm − 1 ] should be present [5] . The origin of the 1589( + ) cm − 1 band in the spectra shown in Figure 2 , which is much weaker in PdCcO, is unclear.
Generally, bands in the 1560-1490 cm − 1 region are dominated by amide II alterations. However, in CcO, these changes are relatively 1 H/ 2 H-insensitive [7, 21, 24] , but strongly affected by 15 N replacement [49] . Hence they are most likely to come predominantly from haem ring modes. The majority of the small bands that appear mostly as positives in the 1490-1120 cm − 1 region are also likely to be haem macrocycle-related [50] [51] [52] [53] .
The intense negatives at 1104( − ) and 1072( − ) cm − 1 are 1 H/ 2 H-insensitive [7, 21] . Bands in this region may arise from histidine or from haem ring modes. In PdCcO, only the 1104( − ) cm − 1 band is evident and can be assigned definitively from isotope studies to histidine which, from its strong intensity, is likely to be metal-ligated. A similar band was reported in model imidazole-ligated haem redox spectra by Berthomieu et al. [54] . Empirical analyses and simulations of model imidazoles show that the 1104( − ) cm − 1 trough can be assigned to the νC5-N1 of a neutral imidazole histidine bound by its N τ to a metal and protonated in the N π position 
Assignments of functional groups to specific redox centres
The overall redox spectra of Pd and bovine CcOs are broadly similar [42] . Attempts have been made to link specific IR bands to redox changes of specific metal centres by comparison of ligated states in bovine CcO [32] or in PdCcO from redox difference spectra of redox-poised samples with the assumption that the low and high potential waves of a redox titration correspond to haems a 3 and a respectively ( [31] , but see [57] ), or by global deconvolution of overlapping components in redox titrations [33] . However, a consistent picture has yet to emerge. Table 1 summarizes the major IR components of the redox difference spectra, together with the linkages to redox changes Table 1 Assignments and redox linkages of principal bands of bovine CcO redox difference spectra Band positions are taken from Figure 2 and assignments refer to the most likely vibrational normal mode. Redox centre linkage refers to the metal centres whose redox change induces the vibrational band change. of specific metal centres that can be made with confidence from published data and that of Figure 2 . Surprisingly, the majority of redox-linked IR changes are associated with redox transitions of Cu A and haem a, as can be deduced from the intensities of the spectra in Figures 2(A) , 2(C) and 2(E). The carboxylic acid changes at 1749 and 1737 cm − 1 that have been assigned to Glu 242 and Asp 51 respectively are prominent in Figures 2(A) , 2(C) and 2(E), confirming the consistent observation that they are linked primarily to haem a/Cu A {the small distortion in this region of Figure 2E arises from a positive band of Glu 242 that is convoluted into this region, which is downshifted from ∼1749 cm − 1 in the FR-unligated state to ∼1742 cm − 1 in the FR-CO form ( [9] , and R. Dodia and P.R. Rich, unpublished work)}.
A large part of the strong amide I alterations are also linked primarily to haem a/Cu A redox changes, consistent with previous data from both Pd [31] and bovine [32, 33] CcOs. The structural changes may arise in part from hydrophilic residues within the H channel that are close to haem a and which have been shown to undergo redox-linked structural changes [3, 58] . Such structural alterations could be consistent with either a proton transfer/gating [59, 60] or dielectric channel/well [4, 61] [33] . However, the data of Figure 2 show clearly that this band responds primarily to redox changes of haem a/Cu A in bovine CcO. Since the two histidine ligands of Cu A are N π -ligated, as shown in Figure 1(A) , their IR frequency is expected to be approximately 1090 cm − 1 and 1 H/ 2 H-sensitive [55, 56] . Hence this band in bovine CcO can be assigned to the histidine ligands of haem a.
In contrast, there are remarkably few distinct IR signatures that can be associated specifically with haem a 3 and Cu B redox transitions. This may in part appear to be the case if there is a strong structural interaction of haems a, a 3 and Cu B (all of which have strong electrostatic interactions) such that redox change of any one centre will induce the same shared structural changes. However, the fact that the bands remain even when haem a 3 and Cu B are reduced ( Figure 2E ) argues against this. Hence the data suggest a more rigid and/or less polar environment surrounding the BNC. There is an additional positive contribution to the amide I region between 1675( + ) and 1662( + ) cm − 1 that is absent from Figures 2(C) and 2(E) that should be associated with haem a 3 . There are also additional intensity increases of some bands assignable to haem within the 1490-1120 cm − 1 range and, possibly, a positive at 1400 cm − 1 that is absent from Figure 2 (E) that therefore may be linked to Cu B .
What is also evident, however, is that there are additional bands in Figures in Figure 2E ]. A Cu A /haem a-induced shift of a band of a 3 2 + -CO-Cu B + is consistent with the fact that prominent bands around 1536( + ) cm − 1 are induced when CO binds to form the a 3 2 + -CO-Cu B + state [7, 9] . Other additional components are a trough at 1149 cm − 1 in Figure 2 (C) and at 1626( − ), 1610( + ) and 1276( − ) cm − 1 in Figure 2 (E). The 1276( − ) cm − 1 may arise from ring bending modes of a tyrosine residue, possibly the conserved Tyr 244 close to the BNC [63] (Figure 1A) . Again, these changes are presumably induced in the IR bands of redox-clamped a 3 3 + -cyanide or a 3 2 + -CO-Cu B + compounds through interactions with the haem a/Cu A redox changes. Hence these data provide a further demonstration of the strong interactions that exist between the individual redox centres of CcO and emphasize the need to take into account such effects when interpreting and assigning IR changes in CcOs.
